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Introduction
Probing the I-V characteristics of individual carbon nanotubes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] has been a subject of intense investigations since it is crucial for their integration into miniaturized devices.
Such I-V measurements [1] [2] [3] [4] [5] are central to the utility of the CNT, either as superior metallic interconnects vis a vis Au or Pt nano wires, or as a replacement for semiconductor based transistor elements in nano electronics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Key factors that influence the current carrying capacity of the CNT as an interconnect are both intrinsic and geometry related. The intrinsic factors include the diameter (D) and length (L) of the CNT and the quality of its graphitic shells, degree of crystillanity and presence of defects etc. The geometry related factors include the design or the lay-out of the nano circuit and contact resistance/area during electrical transport measurements.
I-V data on an individual CNT with simultaneous TEM imaging brings out the correlation of both intrinsic and geometry related factors with the current carrying capacity of the CNT [1] [2] [3] [4] [5] . For instance, it is observed that current rises with increasing voltage upto a critical value for a CNT during I-V scans in suspended geometry. One of the contributions in the non-linear rise in 'I' with increasing 'V' up to a critical value is associated with annealing of the random defects present in the graphitic shells of the CNT. This defect annealing arises from Joule heating driven temperature rise, leading to self heating of a CNT under bias [1] [2] [3] [4] [5] .
This self heating improves the quality of the graphitic shells of CNT, resulting in reduced carrier scattering and consequently larger current. Beyond the critical voltage (at which the current reaches its peak), a drop in current is observed, which is accompanied by a progressive deformation and burning of the graphitic shells of the CNT. In this voltage range, Joule heating is detrimental, leading to the eventual breakage of CNT at another critical voltage [1] [2] [3] [4] [5] . These critical parameters during a typical I-V scan on an individual CNT vary with the length, diameter as well as random defects present in its graphitic shells. The current M A N U S C R I P T
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4 carrying capacity of a CNT not only relates to these intrinsic factors but also to the geometry related factors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . For instance, I-V characteristics on an individual CNT have been studied earlier in a suspended geometry or when it lies over a substrate 1 , both of which are geometry related factors. These factors crucially influence the heat dissipation paths during I-V scans and consequently influence the current carrying capacity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Thus heat dissipation mechanism or thermal heat management are important issues in nano electronics based on CNT or otherwise [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
In this work we explore electron transport on individual multiwall CNT filled with Cr 2 O 3 with simultaneous TEM imaging in suspended geometry and provide the first step in exploring the utility of Cr 2 O 3 filled CNT in nano scale devices. We also emphasize that while a significant amount of work has also been carried out on the encapsulation of metals inside CNT [11] [12] [13] [14] [15] , I-V characteristics have mostly been reported for Fe-filled CNT, where the focus has primarily been on deciphering the mechanism of mass transport in femtogram scales, and the utility of metal-filled CNT as a nano pippet [13] [14] [15] in which the magnetism can be tuned via an electric field [22] [23] [24] . Upon nanoscaling, it is seen to M A N U S C R I P T
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antiferromagnetic and magnetoelectric [22] [23] [24] [25] but not piezomagnetic, can generate this trait in ultra thin film form 26 . Thus, the magnetic encapsulate within CNT 27 realises a hybrid nanomaterial in which the magnetic properties can be tuned with magnetic field, electric field, and possibly stress. These factors can be particularly relevant in the area of antiferromagnetic spintronics 28 and the electric field control of magnetism 29 .
First part of our work relates to the application of specific experimental protocols during conventional two probe I-V scans, which result in controlled Joule heating and a sequential restructuring of the oxide encapsulate. In this context, it is important to note that degradation of oxides during device patterning has been a major bottleneck in oxide electronics 16 . Our work brings into fore the usage of filled CNT as a nano furnace, by proper utilization of self heating. This enables in-situ formation of various morphological phases of a multi -functional oxide that can remain preserved inside the CNT. Further, we demonstrate that the presence of the insulating encapsulate within the CNT is linked to better heat dissipation and therefore enhanced current flowing through the CNT. Finally we also report bulk magnetization measurements on CNT elucidating the unusual magnetic properties of the encapsulate which is preserved inside the CNT.
Experimental
The Cr 2 O 3 filling inside CNT is achieved by a two-step post-synthesis filling procedure and is characterized by analytical TEM 27 . The pristine multiwall CNT used for the filling purpose were synthesized by Chemical Vapour Deposition. Filling procedure involving capillary action was achieved using (i) pristine CNT (ii) pristine CNT, further subjected to high temperature annealing 30 (Supp. Info: Text S1). In both these cases, Cr 2 O 3 , in the form of polycrystalline wires, was seen to fill the core cavity of the CNT. The outer diameter of such oxide -filled CNT are in the range of 20 nm to 75 nm and lengths upto 5µm. A representative TEM image for a typical (filled) multiwalled CNT is shown in Figure   M A N U S C R I P T
Here, the encapsulate in the form of a scanty nano wire is visible within the core cavity of the CNT. It is to be noted that in these samples, Cr 2 O 3 is also seen to fill the space between the graphitic shells of the CNT. This filling can also be seen as a line guided by an arrow, alongside the filling within the core cavity of the CNT in Figure 1a . Though our synthesis procedure does not allow a control over this frequently seen trapping of the encapsulate inbetween the graphitic shells, this has been unambiguously identified to be Cr 2 O 3 with clear chromium and oxygen peaks through Electron Energy Loss Spectroscopy (EELS) in TEM in a large number of filled CNT. These EELS results are reported in an earlier publication 27 .
The I-V measurements on the individual multiwall CNT (both filled and pristine)
reported in this work are carried out using in-situ TEM / Scanning Tunnelling Microscopy (STM) Nanofactory holder in both JEOL 2010 (operated at 200 kV) and JEOL 3000f.
Magnetization measurements are conducted using Superconducting Quantum Interface Device (SQUID) from Quantum Design. -m. This is the same pristine CNT for which TEM image is shown in Figure 1b . During I-V scan, current first rises with increasing voltage and reaches a peak value "I P " at a critical voltage "V P ". For the CNT shown in In case of a metal filled CNT, such as Fe filled CNT reported in literature [13] [14] [15] , the Joule heating driven temperature rise influences the graphitic shells of the CNT as well as the metallic encapsulate, which is seen to melt and move during I-V scans [13] [14] [15] .
In the following we demonstrate that in case of oxide filled CNT, by variations in the amplitude and holding time of the bias voltage, the encapsulate can be converted to a desired morphology. Here it is important to note that due to the resolution issues in TEM imaging while performing electrical transport measurements, the encapsulate in the form of thin oxide
: Restructuring of the encapsulate during I-V Scans
sheets cannot be as clearly imaged as for the situation in which it is in the form of beads or nano crystals within the CNT. It is also important to image a broad segment of the CNT during I-V scans, in order to track the morphology of the encapsulate across its length.
However for seemingly empty tube under both slow or fast scan, ED shows presence of chrome oxides.
The possibility to form a thin oxide sheet in a controlled manner during I-V scans is a particularly interesting observation. Since Cr 2 O 3 is not a typical 2-dimensional material that can be easily exfoliated into sheets similar to graphene or MoS 2 , the controlled variation of V with proper utilization of self heating can be a route to form and preserve ultra thin sheets of Cr 2 O 3 and possibly other functional materials inside CNT. This can be particularly relevant for exploring interface effects in oxides 31 .
Snapshots presented in Figure 2 From the I-V data collected over a large number of filled CNT, we find some interesting correlations between current flowing in the CNT and various morphological phases of the encapsulate. We observe that for a given voltage, the current flowing in the CNT is systematically larger when the encapsulate is in the form of beads or crystals as compared to the case when it is in the form of a scanty nano wire. The rise in current, when the encapsulate is in different morphological phases, is observed in both experimental protocols, the slow and the fast I-V scans.
: Restructuring of the encapsulate and current enhancement
We first discuss current enhancement in various stages of the encapsulate prepared and preserved following a slow scan protocol. For these measurements, I-V scans limited to ±1 Volt is recorded at the initial stage, when the oxide is in the form of nano wire. Thereafter the encapsulate is intentionally converted to beads (or crystals) using a slow scan protocol and this phase is preserved by switching off the bias. Waiting for a sufficiently long time Overall, data in Figure 2e and Figure 4 indicate that there is an enhancement in the current when systematic restructuring of the encapsulate takes place. However, from the statistics collected over a large number of CNT, we find that the magnitude of this current enhancement can be different for CNT with varying diameters lengths and filling fractions.
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In order to investigate the possible reasons for the observation of current enhancement in filled CNT, We first compare the I-V scans in pristine CNT and filled CNT so as to isolate the possible role of the encapsulate, particularly when it restructures. We take into account both intrinsic factors (related to the dimension/defect density in the graphitic shells of the individual CNT) as well as the geometry related factors (related to the layout of the nano circuit) so as to understand the possible reason of current enhancement.
: I-V scans : Pristine vis a vis filled CNT
We first recall the I-V characteristics investigated in the past for CNT [1] [2] [3] [4] [5] [6] [7] . Here a key result is that as a function of applied voltage, current is higher for the CNT with larger diameter and shorter length 4 . In addition, each graphitic shell can have random defects, which also influences the current flowing in the CNT. These random defects can get annealed out during I-V scans when Joule heating driven temperature rise is sufficient. Such random effects associated with the graphitic shells are likely to be present in both pristine and the filled CNT. Annealing of such defects can give rise to reduced carrier scattering and slightly enhanced current in both cases. Thus value of V P and I p is likely to vary with the length, diameter and defect density [1] [2] [3] [4] [5] corresponding to each CNT; filled or pristine.
Apart from the above mentioned factors, a key difference between filled and pristine CNT is that each filled CNT may have different extent of filling in its as-prepared stage. In addition, contact resistance/ area can also vary significantly for each I-V scan. Thus it is nontrivial to isolate the various contributions related to dimension factor, defect density and amount of filling and quantify the enhancement in current, particularly while measuring two probe I-V scans with simultaneous TEM imaging. It is also practically difficult to locate a pristine and a filled CNT of similar dimensions. As evident from the Figure 5a , both filled and pristine CNT exhibit a peak like structure in I-V pattern, which is expected for a CNT under bias in suspended geometry 1 .
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However, the value of I p /I 500 mV is about 55 for the filled CNT and 20 for the pristine one.
This data again shows a substantial enhancement in the current for the filled CNT, which is approximately three times the length of pristine CNT and also slightly less in diameter. It is also to be noted that longer CNT in hanging geometry are seen to display lower threshold value V p, at which maximum current I P is reached. However, in this case we find that the filled CNT also exhibits approximately similar V p . I-V data on a number of pristine and filled CNT of various diameter and length is shown in Figure 5b & 5c respectively. We observe that for pristine CNT, the rise in M A N U S C R I P T
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18 normalized current starts to occur ~ 1 Volt. The slope at which current rises as well as the value I p and V p vary, depending on the dimension of individual CNT as well as defect density associated with the graphitic shells. For filled CNT, the rise starts to occur at a relatively higher value ~ 1.5 Volt, which also coincides with the restructuring of the encapsulate as observed during in-situ TEM imaging. As evident from the Figure 5c , current rises at much faster rate and normalized I p is significantly larger. For some filled CNT, the voltage was not scanned beyond V P so as to preserve the crystal or the beads for recording ED pattern.
However the trend in the rise of the current indicates even superior current enhancement factor (blue diamonds in Figure 5c ). Thus the situation in our case is that of a nano scale insulating oxide inside a metallic CNT and during I-V scans we observe a significant enhancement in current flowing through the filled CNT vis-a-vis pristine CNT. This enhancement does not seem to arise from only the dimension factor or defect density associated with a particular CNT. In the following section, we discuss a possible scenario related to the heat sinking mechanism in our filled CNT that can lead to the observed current enhancement.
: Pristine vis a vis filled CNT in suspended geometry : Heat sinking mechanism
Considering the lay out of the nano circuit during I-V scans, (which is a geometry related factor) we recall that the current flowing in a suspended CNT is slightly smaller in comparison to the case when the same is lying on the substrate 1 . Here the suspended CNT is seen to exhibit a peak like structure in I-V scans whereas the one lying on the substrate shows a saturating behaviour 1 . These features are understood to arise from better heat sinking mechanism due to the presence of the substrate 1 . It is also observed that a pristine CNT in suspended geometry during I-V scans usually breaks from the middle on approaching V B , as M A N U S C R I P T
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the Joule heating driven temperature rise is maximum at this location [2] [3] . At the contact ends, the metallic electrode provide better heat sinking mechanism. From I-V scans upto V B on a number of filled CNT, we observe that unlike pristine CNT, the filled ones do not usually break from middle on approaching V B . These features indicate that the heat dissipation mechanism of filled CNT in our case, though still in suspended geometry, needs to be investigated.
Figure 6 (a)-(d) Schematic of Cr 2 O 3 filled CNT (side and top view ) depicting various morphological phases of the encapsulate being formed under progressively increasing bias
We first note that in our case, the electrically insulating encapsulate is in thermal contact with the graphitic shells of the CNT. The filled CNT is shown schematically in Here the encapsulate, (through its thermal contact with the self heated CNT) melts and expands within the core cavity as is clearly observed in simultaneous real time TEM imaging This is followed by the systematic formation of beads and nano crystals. (Figures 1-2 , Video S1-S4). This procedure is likely to create a more uniform coating of the encapsulate within the core cavity of the CNT, leading to a better thermal contact with the graphitic shells. On increasing the applied bias further, the nano-crystals, thus formed, re-melt and further expand, resulting in the common observation of more and more material flowing out of the CNT at the contact ends until there is no visible particle observed within the core cavity.
However, a thin layer remains within the core cavity and in -between the graphitic shells ( Earlier studies have indicated that in ultra thin film form, when Cr 2 O 3 appears as a surface layer in a composite system, comprising of a ferromagnetic core (CrO 2 ) and antiferromagnetic shell (Cr 2 O 3 ), its magnetoelectric properties are enhanced near the room temperature 24 . In addition, it also develops traits of piezomagnetism 25 or stress induced magnetism, when appears as ultra thin surface layer in this composite 26 . We investigated if some of these traits, especially signatures of stress induced moments, are still present when Cr 2 O 3 is confined within CNT. These features are explored through Thermo-Remanent Magnetization (TRM) measurements.
It is interesting to recall that the magnetization dynamics of nano scale antiferromagnets is a heavily debated topic in literature 33 . For such systems, measuring The TRM measurements (as a function of time 't' or temperature 'T') can reveal subtle magnetic features, which are not clearly visible in routine in-field magnetization measurements 33, 35 . In M A N U S C R I P T
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23 addition, the TRM, which basically represents the magnetization relaxation dynamics, after the removal of the applied magnetic field, carries a wealth of information about the associated magnetic phase 26, 35 . This can be crucial for nano scale antiferromagnets which have large number of uncompensated surface spin, leading to a variety of magnetic phases. More importantly, the functional magnetic properties exist near the room temperature where nano spintronic devices are expected to work. It is also evident that its magnetic properties, when it systematically forms as beads, nano crystals and sheets inside an individual CNT will be interesting from both theoretical and experimental point of view. The magnetic properties on individual CNT can also be explored using the technique of micro Hall Magnetometry 38 , and such measurements are planned for the future.
Conclusion
In summary we show the possibility of changing the morphological phase of a multi functional magnetic oxide encapsulated and protected inside carbon nanotubes. This is achieved via modulations in amplitude, rate and holding time of the bias voltage during two probe I-V measurements on individual CNT in suspended geometry and points towards the possibility of achieving the same in other functional oxides. We further demonstrate that the presence of an insulating filling inside the CNT serves as a pathway to heat sink or acts as a substrate within the CNT, leading to the enhancement in current flowing through the CNT.
This can be promising for enhancing the current carrying capability of CNT as interconnects and for better thermal heat management in nano electronics. Novel nano-spintronic devices can be envisaged, comprising of unique magnetic and electrical properties of the oxide encapsulate, which is protected inside the graphitic shells of carbon. In addition, graphitic shell of the multilwall or single wall carbon nanotubes, can provide either metallic or semiconducting contact according to a specific application for device patterning.
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